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a b s t r a c t 
Characterisation of the pore space in carbonate reservoirs and aquifers is of utmost importance in a num- 
ber of applications such as enhanced oil recovery, geological carbon storage and contaminant transport. 
We present a new experimental methodology that uses high-salinity contrast brine and differential imag- 
ing acquired by X-ray tomography to non-invasively obtain three-dimensional spatially resolved informa- 
tion on porosity and connectivity of two rock samples, Portland and Estaillades limestones, including sub- 
resolution micro-porosity. We demonstrate that by injecting 30 wt% KI brine solution, a suﬃciently high 
phase contrast can be achieved allowing accurate three-phase segmentation based on differential imag- 
ing. This results in spatially resolved maps of the solid grain phase, sub-resolution micro-pores within the 
grains, and macro-pores. The total porosity values from the three-phase segmentation for two carbonate 
rock samples are shown to be in good agreement with Helium porosity measurements. Furthermore, our 
ﬂow-based method allows for an accurate estimate of pore connectivity and a distribution of porosity 
within the sub-resolution pores. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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C  1. Introduction 
Carbonate rocks are important geological porous media which
are associated with many applications including hydrocarbon re-
covery ( Fredd and Fogler, 1998 ), carbon storage ( Gaus et al., 2008 )
and contaminant transport ( Gelhar et al., 1992 ). Estimates show
that carbonate reservoirs hold more than half of the world’s hy-
drocarbon reserves ( Sayers, 2008 ). They are known to have a
very complex pore space whose structure and connectivity, de-
pendent on the processes studied, have a signiﬁcant impact on
single and multiphase ﬂow, and transport and reactive properties
( Bijeljic et al., 2013; Norouzi Apourvari and Arns, 2015; Cantrell
and Hagerty, 1999; Moctezuma-Berthier et al., 2004; Gjetvaj et al.,
2015; Scheibe et al., 2015 ). Therefore, the main goal of our study is
to obtain a full characterisation of the pore space, which hitherto
has not been fully resolved. 
Anovitz and Cole (2015 ) have reviewed different methods for
measuring porosity, including direct measurements such as Helium
(He) porosimetry and Mercury Intrusion Capillary Pressure (MICP)∗ Corresponding author. 
E-mail address: q.lin11@imperial.ac.uk (Q. Lin). 
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0309-1708/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article ueasurements, as well as imaging methods and techniques such
s Optical Petrology, Scanning Electron Microscopy (SEM) and Nu-
lear Magnetic Resonance (NMR) imaging. However, although some
irect measurement methods can yield accurate porosity values,
t is challenging to resolve all the pore space, particularly sub-
icron porosity. Two-dimensional methods may have higher res-
lution, but they do not show how the pore spaces are connected.
ence, having a technique which can provide spatially-resolved
hree-dimensional (3D) porosity values is important for both ex-
erimental and simulation studies. 
X-ray microtomography (also called XMT or micro-CT) and im-
ge processing has been widely used in geologically-related studies
 Ketcham and Carlson, 2001; Lin et al., 2015; Cnudde and Boone,
013; Lin et al., 2016 a; Dhawan et al., 2012; Lai et al., 2015; Lin
t al., 2016 b), and in recent years this technique has been applied
n visualisation of multiphase ﬂow and reactive transport in ge-
logical porous media ( Andrew et al., 2014; Menke et al., 2015;
glauer et al., 2012; Iassonov et al., 2009; Schlüter et al., 2014;
arroll et al., 2013 ). However, one of the main limitations of this
ethod is the limited spatial resolution, which is typically of or-
er of 1 μm or larger ( Iassonov et al., 2009 ). High resolution im-
ges (e.g. tens of nano meters voxel size by nano CT) may be ob-
ained, but for a smaller samples (e.g. tens of microns sample size)nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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Fig. 1. Example two-dimensional slices of a three-dimensional image (with dimensions of 650 3 voxels at voxel size of 5 μm) for the Portland and Estaillades samples. The 
grey-scale image is shown on the left and the segmented image on the right. The porosity of the segmented image is 0.078 for Portland and 0.130 for Estaillades; this 
contrasts with Helium (He) porosity values of 0.195 ± 0.006 and 0.293 ± 0.007 respectively (conducted at Imperial College London, UK). 
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b  hat may not capture the full range of pore sizes in a represen-
ative elementary volume. In theory, the grey-scale of the grains
ould be used to estimate the intra-granular porosity, but this as-
umes a uniform mineralogy and complete connection of all the
ub-resolution porosity. To illustrate this, we provide example XMT
mages for our Portland and Estaillades carbonate cores in Fig. 1 .
he XMT measured porosity, based on the larger pores only, is
uch lower than the porosity obtained by Helium porosimetry, as
resented later. There is a range of grey scales for the grains, but as
e will show, this alone does not quantify the extent of connected
ub-resolution pores. 
Sub-resolution porosity is one of the main parameters re-
uired for a full description of ﬂow and reactive transport pro-
esses in porous media, such as the determination of permeabil-
ty and dynamics of dissolution-precipitation mechanisms using
MT ( Mangane et al., 2013; Qajar and Arns, 2016; Garing et al.,
015 ). Combining XMT images and local two-dimensional Scan-
ing Electron Microscopy (SEM) images was shown to be able
o resolve sub-resolution pores ( Peters, 2009; Smith et al., 2013 ).
owever, the main limitations for fully utilising SEM images are
hat they require extensive time and effort to acquire. In most
ases, only part of the sample is imaged, while at the same time
ore-space connectivity of sub-resolution pore space is not con-
rmed from the experiment, as in ﬂow based methods. In some
tudies, segmenting sub-resolution pores directly from dry scans
as been attempted by assuming that grains with an intermedi-te grey-scale were regions with sub-resolution pores ( Mangane
t al., 2013; Bauer et al., 2012; Bultreys et al., 2015; Garing et al.,
014; Soulaine et al., 2016; Luquot et al., 2014 ). However, most
f the porosity values measured from image analysis cannot be
atched with the porosity values obtained by other methods.
reire-Gormaly et al. (2015) studied the sensitivity of different
hresholding techniques to segment the pore space, including sub-
esolution pores for carbonates, applied to Indiana Limestone and
ink Dolomite. They showed that a single imaging technique and
hresholding method cannot alone determine porosity from a dry
can only. The main problem for segmenting sub-resolution pores
rom dry scan is, as we present below, that a grain with an in-
ermediate grey-scale may have sub-resolution pores, or simply
e composed of a different mineralogy, or contain pores that are
ot connected to the macro-pore space. Thresholding a dry scan
lone cannot distinguish between these cases. Moreover, some of
he main issues such as connectivity of the sub-resolution pores
ould not be addressed. 
One of the potential solutions is to introduce a new material
hase to provide better image contrast for sub-resolution pores.
oone et al. (2014) performed a differential imaging experiment
n Massangis limestone comparing dry scans with scans obtained
nce the rock sample was saturated with 5% CsCl to account for
he contribution of sub-resolution pores to the total porosity val-
es. However, their results were not close to the porosity obtained
y MICP measurements. Ghous et al. (2007) used a mixture of
308 Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 
Fig. 2. Pore throat radius distribution of Portland and Estaillades samples obtained 
from MICP measurements on the Portland core (6.778 cm 3 bulk volume) and Estail- 
lades core (6.792 cm 3 bulk volume) ( Alyafei and Blunt, 2016 ). The total porosities 
for these Portland and Estaillades cores were 0.200 and 0.302 respectively from He- 
lium (He) measurements. The vertical dashed line at 2.5 μm marks half of the voxel 
size of 5 μm used in our XMT experiments. 
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c  di-iodomethane (CH 2 I 2 ) and toluene as the contrast phase to re-
solve sub-resolution porosity, but their experimental method re-
quires a reference scan for pure air and a pure reference ma-
terial such as calcite and cannot be easily applied in conjunc-
tion with a ﬂow experiment. Latham et al. (2008) studied reg-
istration algorithms to align the dry scan image and the image
with a contrast ﬂuid (1 M CsI). Bhattad et al. (2014) introduced a
ﬂow-based method using 1 M NaI-H 2 O solution to quantify sub-
resolution pores within laminated sandstones. Pini (2014) intro-
duced a method to quantify porosity by imaging gas absorption
between two gas phases using a medical CT scanner. However, the
resolution in this study is approximately one millimetre. 
Differential imaging technique is currently one of the most
promising methods to resolve sub-resolution porosity. However,
new experimental procedures and image processing methods need
to be developed to enhance the phase contrast. In this paper, a
general experimental and image acquisition procedure is designed
by utilising differential imaging that non-invasively provides poros-Fig. 3. Experimental apparatus. (a) The pump system ty and connectivity of sub-resolution pores for two example car-
onate rocks, Portland and Estaillades. Based on difference images,
hree phase segmentation is used to segment grain phases, sub-
esolution pore phase and macro pore phase. Porosity values for
he sub-resolution pore phase are quantiﬁed and a method is pre-
ented to estimate pore connectivity by a distribution of poros-
ty within the sub-resolution pores. The total porosity values from
hree phase segmentation are shown to be in good agreement with
elium porosity measurements. 
. Experimental methodology 
.1. Rock samples 
The rock samples we used in this study are Portland and Estail-
ades limestones. We selected these two carbonates as they con-
ain a large volume of porosity below a typical voxel size from
MT. This is seen in Fig. 2 that shows the pore size distribution for
hese two rocks ( Alyafei and Blunt, 2016 ) measured by the MICP
ethod (conducted at Weatherford Laboratories, East Grinstead,
K) on cores of bulk volume 6.778 cm 3 for Portland and 6.792 cm 3 
or Estaillades from the same blocks from which our XMT imaged
amples were drilled from. According to Fig. 2 , there are more than
0% of the pores in both carbonates below the 5 μm voxel size (a
oxel size we used for XMT imaging). In addition, both samples
ontain grains with and without sub-resolution pores. 
In order to compare them with the XMT imaging results in
ater sections, the porosity values for the cores used in differen-
ial imaging experiment were measured with Helium porosimetry
conducted at Imperial College London, UK), from which the val-
es of 0.195 ± 0.006 for Portland and 0.293 ± 0.007 for Estaillades
ere obtained. Here the bulk volume is 0.182 cm 3 . The uncertainty
uoted is one standard deviation in the instrument error. 
.2. Experimental methodology 
The experimental apparatus is shown in Fig. 3 . The XMT sam-
les were drilled into cylindrical cores 4.81 mm in diameter and
0.0 mm in length. The cores were then placed into a ﬂuoro-
olymer elastomer (Viton) sleeve, which was attached to metal
ttings (end piece) connecting the core to the pore-ﬂuid ﬂow-
ines. This assembly was then placed within a Hassler-type ﬂow
ell. Detailed information about the ﬂow cell can be found into control ﬂow. (b) Details of the core assembly. 
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Fig. 4. An example reconstructed XMT slice of Portland with different KI concentrations: (a) Dry (air) scan. (b) Sample saturated with 5 wt% KI doped brine. (c) Sample 
saturated with 10 wt% KI doped brine. (d) Sample saturated with 30 wt% KI doped brine: here the brine is the lightest phase. The boxes shown in the dry scan indicate the 
example regions 1, 2 and 3 with potential sub-resolution pores. The areas that remain a similar shade of grey are solid grains with low density minerals, while the regions 
that become lighter contain connected sub-resolution porosity. 
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m  ndrew et al. (2014) . High pressure syringe pumps were used to
aintain pressure and control ﬂow in the pore-space of the rock. 
The brine solution was made from deionised water with a pre-
cribed amount of Potassium Iodide (KI). KI was used as an ionic
alt as it has a high atomic weight causing a high X-ray attenu-
tion coeﬃcient, allowing it to be used as a contrast agent. The
alinity of the brine was designed to have three values, namely
 wt%, 10 wt% and 30 wt%. By having different concentrations of
I the image contrast quality can be compared. The brine injected
rom the brine pump at different concentrations was initially pre-
quilibrated with the host rock to prevent ﬂuid/solid chemical re-
ctions. 
Each experiment was conducted using the following procedure:
1. A conﬁning pressure of 3 MPa (30 bar) was applied and main-
tained within the cell to compress the Viton sleeve around the
core sample to avoid any ﬂuid bypass. 
2. A dry (air) scan was taken at room temperature. 
3. Before injection, the system was vacuumed to ensure full satu-
ration after brine injection. 
4. More than 10 0 0 pore volumes of KI doped (5 wt%) brine were
injected from the brine pump at a low ﬂow rate (1 ml/min) for
more than 1 h through the core sample to ensure full satura-
tion. 
5. After 100% brine saturation was achieved, a brine saturated
scan was taken. 6. Steps 4 and 5 were then repeated but with 10 wt% and then
30 wt% KI. 
The imaging was performed using a Versa XRM-500 X-Ray Mi-
roscope. To optimise the image quality, each sample at different KI
oncentration was scanned with 80 keV at a voxel size of 5 μm. The
hree-dimensional images were reconstructed from a set of 2001
rojections by using the Avizo software on the Versa system. After
econstruction all the images were registered (aligned) according
o the reference dry (air) scan – this was done in order to have
he same orientation and position for visualisation and compari-
on. The images used in later sections are cropped cubic sections
ith a dimension of 650 3 voxels: this represents a bulk volume of
.034 cm 3 , or approximately one ﬁfth of the total sample size. 
. Results and discussion 
Our main goal is to segment sub-resolution porosity accurately,
nd to assign values for porosity in sub-resolution regions. The
econstructed images for brine saturated Portland and Estaillades
amples at different KI concentrations are shown in Section 3.1 .
ifferential imaging results showing the difference between brine
aturated scan and dry scan are compared in Section 3.2 , where it
an be observed that the highest KI concentration (30 wt%) pro-
ides the best phase contrast and image quality. The solid grain
hase, sub-resolution pore phase and macro pore phase are seg-
ented using both global thresholding and a modiﬁed watershed
310 Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 
Fig. 5. An example reconstructed XMT slice of Estaillades showing the same slice with different KI concentration: (a) Dry (air) scan. (b) Sample saturated with 5 wt% KI 
doped brine. (c) Sample saturated with 10 wt% KI doped brine. (d) Sample saturated with 30 wt% KI doped brine. As in Fig. 4 the boxes highlight regions with both solid 
grains (remaining the same shade) and sub-resolution porosity (which becomes lighter). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v  
v  
s  
p  
i  
o  
w  
h  
t  
c
3
 
d  
a  
s
C
 
w  
p  
T  
f  
h  
n  segmentation method in Section 3.3 . The average porosity values
for the sub-resolution pore phases for both samples are assigned
to the segmented label images ( Section 3.4 ) and the overall sam-
ple porosity measured by XMT imaging is compared with Helium
porosimetry measurements ( Section 3.5 ). The connectivity of the
sub-resolution pores and macro pores, as well as the distribu-
tion of sub-resolution pores are then provided and discussed in
Section 3.6 . 
3.1. Reconstructed images 
Figs. 4 and 5 show the same slice from the raw image for both
Portland and Estaillades samples respectively at different KI con-
centrations. The grey regions in the dry (air) scan are potential re-
gions with sub-resolution pores. With the highest brine concentra-
tion (30 wt% in this study), the brine absorbs X-rays more strongly
than the solid, and hence brine-saturated regions appear bright in
the image. The regions highlighted by the white boxes show grains
that remain the same shade of grey – these are more likely to be
solid grains with low density minerals, or at least those with dis-
connected sub-resolution pores – while grains that become lighter
contain connected sub-resolution pores which can be accessed by
KI doped brine. 
Regions 1 and 2 for Portland shown in Fig. 4 illustrate the iden-
tiﬁcation of sub-resolution porosity. From a dry scan, these regions
might be considered as grains containing sub-resolution pores as
the voxel grey-scale values (CT numbers) are quite close to thealues for macro pores. However, after 30 wt% KI doped brine in-
asion, many of these regions remain a similar shade of grey, as
hown in Fig. 4 d. These regions are therefore interpreted as com-
rising minerals with a low density or containing pore space that
s not accessible to brine, and hence are considered as solid phase,
r at least unconnected void space. Comparing with the methods
hich segment sub-resolution pores directly from dry scans, using
igh concentration KI doped brine as a contrast phase can avoid
he misidentiﬁcation of low density minerals as sub-resolution
onnected pores. 
.2. Differential images 
The differential image between the KI saturated scan and the
ry scan can maximise the phase contrast between grain phase
nd pore phase. The differential image between the KI saturated
can and the dry (air) scan can be obtained from: 
T ( differential ) = CT ( KI saturated scan ) − CT ( Dry scan ) + CT 0 
(1)
here CT is the CT number of each voxel and CT0 is some large
ositive constant (65,535 in this example) to avoid negative values.
he resultant images are shown in Figs. 6 and 7 . In the histograms
or the differential images, lower grey-scale values towards the left
and side of the histogram are solid grain phase (including discon-
ected pores), the higher grey-scale values towards the right hand
Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 311 
Fig. 6. The difference in grey-scale values between the KI saturated scans at different concentrations and the dry scan for Portland. The histograms for the three images 
at different KI concentrations are plotted showing that the data range within the histogram is much wider at the highest KI concentration, which indicates that the sub- 
resolution pores are more distinguishable. The voxels with lower grey-scale value are the solid grain phase while the voxels with higher grey-scale values are the pore 
phase. The two-dimensional slices also show that three phases including solid grain phase (dark), sub-resolution pores (intermediate grey) and macro pores (bright) can be 
distinguished; the highest phase contrast and image quality can be observed in the differential image at 30 wt% KI. 
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I  ide are the macro pore phase, and intermediate values in the mid-
le are the sub-resolution pore phase. 
A key feature of applying differential images is that the solid
rain phase with low density minerals can be eliminated to avoid
isidentiﬁcation. For example, in the Portland sample, the regions
ith low density minerals shown in Fig. 4 a have low grey-scale
alues in Fig. 6 ; these will be identiﬁed as the solid grain phase. 
The differential images with 30 wt% KI concentration show the
est image quality and three phases (dark black for grain, grey
or sub-resolution pores and white for macro pores) can be dis-inguished. The main reason for this behaviour is that by using a
igh concentration KI solution, the phase contrast between pores
nd grains can be maximised, which is evident by the wider data
ange in the differential image histograms for both Portland and
staillades. This makes it possible to perform better segmentation
f sub-resolution pores with intermediate grey-scale values be-
ween solid grain and pore phase. However, the concentration of
I needs to be maintained below a certain level such that the den-
ity of the KI is not too high, which may introduce image artefacts.
n later sections, the KI saturated images and the corresponding
312 Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 
Fig. 7. The difference in grey-scale values between the KI saturated scans at different concentrations and the dry scan for Estaillades. The histograms for the three images 
at different KI concentrations are plotted showing that the data range within the histogram is much wider at the highest KI concentration, which indicates that the sub- 
resolution pores are more distinguishable. The voxels with lower grey-scale value are the solid grain phase while the voxels with higher grey-scale values are the pore 
phase. The two-dimensional slices also show that three phases including solid grain phase (dark), sub-resolution pores (intermediate grey) and macro pores (bright) can be 
distinguished; the highest phase contrast and image quality can be observed in the differential image at 30 wt% KI. 
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T  differential images at 30 wt% concentration are used in segmenta-
tion and quantiﬁcation. 
3.3. Three-phase segmentation resolving sub-resolution porosity 
3.3.1. Global thresholding based on histogram 
The differential images at 30 wt% KI concentration allow the
histogram range to be maximised. Three-phase segmentation can
be performed based on these differential images. Before segmen-ation, a non-local means edge preserving ﬁlter ( Buades et al.,
008 ) was applied to reduce the image noise ( Fig. 8 c for Port-
and and Fig. 9 c for Estaillades). The ﬁltered differential images
ere then processed with global thresholding to identify solid
rain phase, sub-resolution phase and macro pore phase. The re-
ultant three-phase segmented label images for Portland and Es-
aillades are shown in Figures 8 d and 9 d respectively. The param-
ters (thresholding values shown as red dashed lines) separating
he three phases for both samples are shown in Figures 8 e and 9 e.
hese parameters are generated using a multi-level Otsu algorithm
Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 313 
Fig. 8. Three-phase segmentation including sub-resolution pores for Portland: (a) An example slice from the original dry scan. (b) The same slice showing the difference in 
grey-scale values between the KI saturated scan at 30 wt% and the dry scan. (c) The difference image after applying a non-local means edge preserving ﬁlter. (d) Three-phase 
segmentation showing grains and disconnected pores (blue), sub-resolution pores (green) and macro pores (red). (e) The histogram plot for (d) with thresholding values (red 
dashed lines) separating three phases. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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t   Otsu, 1979 ; Liao et al., 2001 ), which maximises the between-class
ariance of voxel intensity to perform segmentation. 
It can be observed that the range for the sub-resolution pore
hase for both samples (which is indicated by the distance be-
ween two dashed lines in Figs. 8 e and 9 e) are quite similar. The
ifference between them is that in the histogram for Estaillades,
he sub-resolution pore region is comparatively shifted more to the
ight which implies that the grains with sub-resolution pores in o  staillades are more porous than those in Portland, as more doped
rine can access these regions. 
.3.2. Segmentation using a two-step watershed algorithm 
It has been reported that by doing simple histogram based seg-
entation, arbitrary voxel misidentiﬁcation may exist, especially at
he boundary between two phases, and this can affect the accuracy
f segmentation. In order to alleviate this problem, a marker based
314 Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 
Fig. 9. Three-phase segmentation including sub-resolution pores for Estaillades: (a) An example slice from the original dry scan. (b) The same slice showing the difference in 
grey-scale values between the KI saturated scan at 30 wt% and the dry scan. (c) The difference image after applying a non-local means edge preserving ﬁlter. (d) Three-phase 
segmentation showing grains and disconnected pores (blue), sub-resolution pores (green) and macro pores (red). (e) The histogram plot for (d) with thresholding values (red 
dashed lines) separating three phases. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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ﬁ  watershed algorithm which computes off a seed that is generated
using a 2D histogram has been developed and applied ( Andrew
et al., 2014; Schlüter et al., 2014; Jones et al., 2007; Vincent et al.,
1991 ). The watershed algorithm is normally performed based on
a gradient map and it can give accurate segmentation when iden-
tifying macro pores from solid grains (see an example shown in
Andrew et al. (2014 )). However, as the grey-scale value for the
sub-resolution pores are intermediate values, the segmentation be-omes more diﬃcult. A two-step marker based watershed segmen-
ation was performed to identify the three phases by segmenting
olid grain phase in the ﬁrst step and macro pores in the second
tep (Illustrated in Fig. 10 ). The Estaillades sample is used as an ex-
mple. In the ﬁrst step, sub-resolution pore phase and macro pore
hase were considered as a single phase (the computed seed im-
ge is shown in Fig. 10 b), the solid grain phase was then identi-
ed using watershed segmentation. Similarly in the second step,
Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 315 
Fig. 10. Illustration of the two-step watershed segmentation for Estaillades to identify three phases: (a) An example slice from the differential image (30 wt% KI) after image 
ﬁltering. (b) The computed seeds for the solid grain phase and the other phases (sub-resolution phase and macro pore phase, shown in yellow). The black region is the 
region where the boundary between the two phases is calculated by the watershed algorithm. (c) The computed seeds for the macro pore phase and the other phases 
(sub-resolution phase and solid grain phase, shown in yellow). (d) Three-phase segmented label image showing grain (blue), sub-resolution pores (green) and macro pores 
(red). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
Fig. 11. Three-phase segmentation for Portland sample: (a) An example slice from the differential image (30 wt% KI) after image ﬁltering. (b) Three-phase segmented label 
image showing grain (blue), sub-resolution pores (green) and macro pores (red). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to 
the web version of this article.) 
316 Q. Lin et al. / Advances in Water Resources 96 (2016) 306–322 
Fig. 12. Comparison of segmented label images (solid grain phase is shown in blue, sub-resolution pore phase is shown in green, and macro pore phase is shown in red) for 
Portland and Estaillades between histogram based global thresholding and two-step watershed segmentation. The results show a region of interest with the dimension of 
185 ×185 pixels. The regions in the white boxes are where potential misidentiﬁcation occurs when using global thresholding. (For interpretation of the references to colour 
in this ﬁgure legend, the reader is referred to the web version of this article.) 
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 macro pore phase was identiﬁed by considering sub-resolution
pore phase and solid grains phase as a single phase (the computed
seed image is shown in Fig. 10 c). After identifying the solid grain
phase and the macro pore phase, the segmented label for all three
phases, shown in Fig. 10 d, can be generated. The three-phase seg-
mentation using two-step watershed algorithm for Portland is also
shown in Fig. 11. 
Fig. 12 shows the comparison between segmented label images
done by histogram based global thresholding and two-step wa-
tershed segmentation. A region of interest (185 ×185 pixels) was
used. It can be observed that both methods give reasonably con-
sistent segmentation. However, as the example regions shown in p  he white boxes indicate, there are some potential misidentiﬁca-
ions when using the global thresholding method comparing with
he KI saturated scan (the white boxes in Fig. 12 highlight regions
here voxels more likely to be grain phase were identiﬁed as be-
ng sub-resolution pore phase). Moreover, there are more isolated
oxels which belong to the sub-resolution pore phase when using
lobal thresholding for both samples. 
.4. Assigning porosity values to sub-resolution porosity 
The average porosity values for the regions with sub-resolution
ores can then be quantiﬁed by using the segmented label images
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Fig. 13. (a) A slice of 30 wt% KI saturated images for Portland. (b) The histograms for the three phases in the KI saturated scan for Portland are plotted based on the 
segmented label images using a global thresholding method. The dashed lines in the histograms indicate the grey-scale values where the peaks for each phase exist. The 
porosity values ˜ φsub for each phase are also assigned. (c) A slice of 30 wt% KI saturated images for Estaillades. (d) The histograms for the three phases in the KI saturated 
scan for Estaillades. 
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t  nd the 30 wt% KI saturated images in Figs. 4 d and 5 d (note that
o differential images are used for this purpose; KI saturated im-
ges are used instead). By using the segmented label images as
asks, the histograms for the grey-scale voxels in the KI satu-
ated images can be plotted for each phase. The grey-scale values
here the peak values are located for each phase in the histogram
re denoted as CT grain for the solid grain phase, CT sub for the sub-
esolution pore phase, and CT macro for the macro pore phase. In the
I saturated images, by assuming that the porosity for the grain
hase ( ˜  φgrain ) is 0 and the average porosity values for the macro
ore phase ( ˜  φmacro ) is 1, the average porosity values within the
ub-resolution pore phase ( ˜  φsub ) for both samples can be obtained e  y: 
˜ 
sub = 
(
˜ φmacro − ˜ φgrain 
C T macro −C T grain 
)(
C T sub −C T grain 
)
= C T sub −C T grain 
C T macro −C T grain 
(2) 
When comparing the segmented label images using both seg-
entation methods ( Figs 8 d and 11 b for Portland, Figs. 9 b and 10 d
or Estaillades), the main differences occur at the boundaries be-
ween phases. The grey-scale values for the voxels located in this
egion have intermediate values and therefore will not affect the
alues of CT grain , CT sub and CT macro where the peak values exist in
he histogram. Thus, the value of ˜ φsub is very similar when using
ither global thresholding or the two-step watershed segmentation
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Fig. 14. Three-dimensional visualisation of the macro pore structure, connected macro pores structure and connected macro pore structure through sub-resolution pores for 
Portland and Estaillades. The volumes of connected macro pores without considering sub-resolution pores are signiﬁcantly reduced. (For interpretation of the references to 
colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
 
 
 
 
 
t
φ  
w
φ  
φ  method: the average values of ˜ φsub for Portland and Estaillades are
0.294 and 0.436 respectively. This is seen from the histogram and
the average porosity values for each phase in both samples using
the global thresholding method, as shown in Fig. 13. 
3.5. Comparison between XMT measurements and Helium porosity 
measurements 
The total porosity (excluding disconnected pores) of the sample
( φ ) can be described as the sum of porosity contributed by thetotal hree phases: 
total = φgrain + φsub + φmacro (3)
here φgrain , φsub and φmacro can be expressed as: 
grain = ˜ φgrain V grain = 0 (4)
= ˜ φ V (5)sub sub sub 
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Fig. 15. Three-phase dry, differential and segmented label images of 3 different regions of interest (Case 1, 2 and 3) in Portland showing how macro pores are connected 
through sub-resolution pores. The image dimensions are 200 ×200 pixels. Cases 1 and 2 show segmented label images illustrating how sub-resolution pores (green) may 
connect macro pores (red) situated between the grains (blue), while Case 3 illustrates a case where the sub-resolution pores connect the macro pores that exist closer to 
the grain centres. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
Table 1 
Porosity calculated based on three-phase segmentation from image measurement for Portland and Estail- 
lades compared with the porosity measured by the Helium porosimetry method. 
Portland Estaillades 
Global thresholding Watershed Global thresholding Watershed 
XMT porosity ( φtotal ) 
∗ 0 .189 0 .193 0 .298 0 .288 
φmacro 0 .078 0 .086 0 .130 0 .124 
φsub 0 .111 0 .107 0 .168 0 .164 
Helium (He) Porosity 0.195 ± 0.006 0.195 ± 0.006 0.293 ± 0.007 0.293 ± 0.007 
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X  macro = ˜ φmacro V macro = V macro (6) 
here the value of ˜ φgrain is 0, the value of ˜ φmacro is 1 and the value
f ˜ φsub is 0.294 for Portland and 0.436 for Estaillades. V grain , V sub 
nd V macro are the total volume fraction for each phase which can
e obtained from the segmented label images. The total porosity
f the two samples ( φtotal ) are shown in Table 1 . The results are
lso compared with Helium porosity measurements on the entire
ample. 
It can be seen that the porosity values based on the three-
hase segmentation for Portland and Estaillades samples are in
ood agreement with Helium porosity measurements on the wholeore, which has approximately ﬁve times the volume of the cen-
ral section of the rock analysed here. As the sub-resolution poros-
ty is below the XMT resolution, segmentation and the value of
˜ 
sub cannot be perfectly accurate. Our new experimental method
nd image analysis procedure gives a good estimate of porosity in
he sub-resolution region. What is more, since the method is based
n a ﬂow experiment, it ignores disconnected porosity, which does
ot contribute to ﬂow and transport. 
.6. Connectivity 
One of the main barriers for simulating ﬂuid ﬂow directly from
MT images is the connectivity of the pore structure, which is
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Fig. 16. Equally dividing sub-resolution pores into ﬁve categories based on grey- 
scale values. Each colour represents one phase within the sub-resolution pore 
phase. (For interpretation of the references to colour in this ﬁgure legend, the 
reader is referred to the web version of this article.) 
l  
c  
e  
a  
p
 
t  
e  
9  
p  
l  
9  
t  
s  
g  
s
 
n  
c  
2  
c
 
t  
p  
s  
a  
v  
t  
f  
s  
 
w  
g  
Fig. 17. Segmented label images for Portland and Estaillades. The solid grain phase is s
phase is divided into ﬁve sub-regions with different ˜ φ values. (For interpretation of the r
of this article.) imited by the image resolution. If the sub-resolution pore region
annot be resolved, only the macro pore phase is considered. How-
ver, the connectivity of macro pores may considerably increase
s in fact many of them may be connected through sub-resolution
ores. 
Fig. 14 shows the three-dimensional macro pore structure and
he relevant connected macro pore structure with/without consid-
ring sub-resolution pores for both samples based on Figs. 8 d and
 d. Without considering sub-resolution pores, 53.6% of the macro
ores are connected for Portland and 84.7% for Estaillades. By al-
owing macro pores to be connected through sub-resolution pores,
9.9% and 99.7% of macro pores are connected in Portland and Es-
aillades respectively. These values are expected to be close to 100%
ince brine can access both macro pore and sub-resolution pore re-
ions in our ﬂow-based experiments (as shown in the KI saturated
cans, Figs. 6 and 7 ). 
In Fig. 15 we illustrate how macro pores in Portland are con-
ected through sub-resolution micro pores. The connectivity in-
reases both for the macro pores between the grains (Cases 1 and
 in Fig. 15 ) but can also be enhanced where the macro pores exist
loser to the grain centres (Case 3 in Fig. 15 ). 
After showing that sub-resolution pores can be identiﬁed and
hat the macro pores can be connected through these regions, we
erform a further step to provide a better spatial description of
ub-resolution porosity. We assume that the sub-resolution pores
re characterised by a distribution represented by average porosity
alues ˜ φ for each sub-phase. In order to quantify this distribution,
he histogram of the segmented sub-resolution pore phase ( Fig. 8 e
or Portland and Fig. 9 e for Estaillades) is equally divided into ﬁve
ub-regions depending on the grey-scale value, as shown in Fig. 16.
The new segmented label images containing these sub-regions
ith the corresponding average porosity values ( ˜  φ) can then be
enerated, as shown in Fig. 17 . The histogram plots for eachhown in black and macro pore phase is shown in white. The sub-resolution pore 
eferences to colour in this ﬁgure legend, the reader is referred to the web version 
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Fig. 18. The histogram plot showing sub-resolution pores containing ﬁve sub-regions. The ˜ φ values for each sub-regions are calculated, which can be assigned to the 
segmented label images in Fig. 17. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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tub-region are obtained by using the same method when gener-
ting Fig. 13 , as shown in Fig. 18. 
The values for average porosities associated with each sub-
egion vary from 0.227 to 0.715 for Portland and 0.389 to 0.766
or Estaillades. Each voxel in the sub-resolution porosity is now as-
ociated with one of the average porosity values for sub-regions.
sing these values the total porosities calculated from contribu-
ion by macro pores and sub-resolution pores are 0.205 and 0.308
or Portland and Estaillades respectively – these values are slightly
igher than the measurements from having a single sub-resolution
ore phase but still agree well with Helium porosity measurements
see Table 1 ). This demonstrates the capability of the presented
ethod to non-intrusively provide spatially resolved maps of sub-
esolution porosity values. 
. Conclusions 
We provide an X-ray tomography based experimental and
mage analysis methodology to non-invasively characterise sub-
esolution porosity and connectivity of porous media with com-
lex pore structure. We demonstrated our methodology through
haracterisation of porosity in two carbonate rocks. A procedureased on using high-salinity brine as the contrast phase and apply-
ng differential imaging between the scans of porous samples sat-
rated with a 30 wt% KI brine solution and dry scans is provided
o obtain spatially-resolved maps of solid grain, sub-resolution and
bove-resolution (macro pores) voxels. The total porosity values
rom three phase segmentation for Portland and Estaillades car-
onates are shown to be in good agreement with Helium porosity
easurements. 
The main advantage of using high-salinity brine as the con-
rast phase and capturing sub-resolution pore space in ﬂow
xperiments is that it can identify low density minerals which
ave similar grey-scale values as sub-resolution pores. This is
ne of the main limitations when segmenting sub-resolution
ores from dry scan images only. Moreover, the porosity values
ithin the sub-resolution pores can be quantiﬁed. Additional
dvantages of the proposed ﬂow-based experimental method-
logy are that the connectivity of the pores can be accurately
stimated and further characterised through a distribution of
orosity within the sub-resolution pores. This methodology serves
s a basis for a detailed description of complex pore space that
an be used for more quantitative future studies of ﬂow and
ransport. 
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